The effect of processing variables (filler loadings) and operating variables (frequency) on the impedance and electromagnetic interference shielding effectiveness of vapor grown carbon nanofiber (VGCNF) reinforced chlorobutyl vulcanizates has been investigated. The dispersion and morphology of the VGCNF in the polymer matrix has been studied by scanning electron microscopy and Raman spectra. Addtionally, the utility of EPMA (Electron probe microanalyzer) as a tool to study the dispersion of nano fibers in polymer matrix has been explored for the first time. With increase in frequency and VGCNF loadings the composites showed a decrease in real part of complex impedance for increasing VGCNF loadings whereas the imaginary part showed a slight peak in the range of 9-10 GHz followed by a subsequent decrease. The measured impedance values were plotted as Nyquist plots (Argand diagrams) and a Resistor-Capacitance model was assumed. The EMI shielding effectiveness increased monotonically with filler loading and showed a maximum of around 55 dB at 12 phr loadings, thus making them suitable for EMI shielding applications.
Introduction
Polymer composites consisting of an insulating matrix reinforced with suitable conducting or semi-conducting particles find application in various electrical and electronic systems. Besides acting as conducting and semi-conducting materials in electronic industries, polymer composites are also used for electromagnetic and microwave shielding applications. Microwave absorbers are extensively used in civil and military applications on account of their ability to eliminate electromagnetic wave pollution and to reduce radar signatures. Usage of polymer composites is an inexpensive method to prevent medical, military, and aircraft systems from electromagnetic interference (EMI), which can result in damages, ranging from data jamming to burn out of sensitive equipment. The EMI is transmitted in two forms: conducted (several KHz to 30 MHz) and radiated (30 MHz to 12 GHz) [1] . For radiated EMI, various shielding materials are applied to eliminate the noise; while for conducted EMI, filters have to be added when designing the circuit [2] .
In wireless telecommunication systems, microwaves in the range of GHz are being extensively used. Even as the central processing units (CPU) of personal computers become faster, in the near future, they are projected to reach a few tens of GHz, thereby generating harmful EMI waves. The EMI of unwanted waves cause malfunctions in electronic equipment that can be a cause of concern in the near future [3] . An electromagnetic shielding material is a material that attenuates radiated electromagnetic energy. For commercial and military application, shielding effectiveness of materials with >40 dB and >80 dB, respectively are necessary [4] . By far metals are the most common materials for shielding, but they are heavy, expensive and tend to suffer from poor wear or scratch resistance [5] . On the other hand, the usage of polymers for housing the electronics device is popular because they are lightweight, flexible and less expensive. In order to shield against electromagnetic interference, the technical approach, which has been considered extensively, is to incorporate electrically conductive fillers in polymer matrices. Due to the skin effect, a composite material having conductive filler with a small unit size is more effective than the one with a large unit size of the filler [6] .
An ideal EMI shielding material is one which has enough electrically conductive surface to shield against influence from exterior fields, shielding against electrostatic fields, protection against direct charge, static discharge through contact with grounded conductors [7] . The electrical conductivity for pure polymers typically ranges between 10 -14 and 10 -17 Siemens/cm (S/cm). Typical electrical conductivity values for commonly used filler materials are 10 2 for electrically conductive carbon black, 10 3 for polyacrylonitrile (PAN) based, 10 4 for pitch-based carbon fibers, 10 5 for high purity synthetic graphite, and 10 6 for metals such as aluminum and copper. By adding conductive fillers to polymers, materials can be designed with specific properties tailored for each application. In order to use composite materials for conductive applications, the materials should have an electrical conductivity in the range of 10 -12 and 10 -8 S/cm for ESD applications, 10 -8 and 10 -4 S/cm for semiconductive applications, and 10 -4 S/cm or higher for EMI/RFI shielding applications [8] .
In present work the impedance analysis and EMI shielding effectiveness of vapor grown carbon nanofibers reinforced chlorobutyl composites has been studied as a function of filler loading in the X-band region (8.0 to 12.5 GHz). The effect of frequency on electrical characteristics like real and imaginary part of complex impedance has also been studied. The dispersion and morphology of the composites has been studied by Scanning electron microscopy, Electron probe X-ray microscopy and Raman spectra.
Results and Discussions

Raman spectra
Raman spectra is a powerful tool to characterize carbanaceous materials like nano tubes, carbon black and graphite since Raman spectrum is particularly sensitive to the microstructure of the carbon [9] . Tuinstra & Koenig [10] have divided the Raman shift for carbonaceous materials into first and second order regions. The first-order region lies in the range of 1100 to 1800 cm -1 . Figure 1 shows the Raman spectra of oxidized VGCNFs and CIIR/VGCNF composites in the G-band region. A downward shift in the G band can be observed. While the magnitude of this peak shift is relatively small, it has been observed at all concentrations and is very reproducible. In an excellent paper, Wise et al. [11] reported that if carbanaceous materials like SWNT were to lose charge to the polymer matrix, one would expect an upward shift in G band, conversely if charge is gained from the polymer matrix a downward shift can be expected. Based on this theory, our results indicate that VGCNF gain charge from the polymer matrix. A similar observation has been reported by Rasheed et al. in Poly(styrene-covinyl alcohol)-VGCNF composites [12] . In addition to D and G-band peaks, small peaks occur around 2600-2700 cm -1 , the so called D'-band peaks. These bands are strong in graphite and annealed carbons but absent in very ordered carbons [13] . A similar but more distinct shift in D'-band peak in VGCNF reinforced CIIR composite is observed in Figure 2 .
Morphological studies -Electron microscopy
Sections of samples of rubber compounds containing increasing amounts of VGCNFs were examined using scanning electron microscopy. show this phenomenon more clearly. Shaffer and Windle explained this phenomenon in terms of colloids, wherein the adsorbed polymer stabilizes the nanofiber dispersion, and protects it against bridging flocculation and depletion aggregation caused by the free polymer [14] . From the SEM figures it can be also be observed that at higher VGCNF loadings the separation distance between the nanotubes is getting reduced which can be attributed to the decreasing probability of polymer chain adhesion onto the VGCNF surface. Results of Raman spectra and SEM microphotographs imply that a stable mixture of chlorobutyl/VGCNF is formed with each nanofiber covered with an adsorbed layer of polymer.
-Electron Probe Micro-Analysis
The dispersion of VGCNFs in the CIIR matrix was further studied by Electron probe micro analysis (EPMA). Though researchers have used a variety of methods like Scanning electron microcopy (SEM), Transmission electron microscopy (TEM), Atomic force microscopy (AFM) and Magnetic force microscopy (MFM) to characterize dispersion of nanoparticles in a polymer matrix, EPMA have never been utilized. This manuscript reports for the first time the utility of EPMA to characterize the dispersion of nanopraticles in elastomer composites. The main advantage of EPMA is selective elemental scans. In the present study carbon scans have been carried out and a representative carbon scan of VGCNF loaded CIIR compound is shown in Figure 6 . From the figure it can be observed that VGCNFs are well dispersed most of which individual nanofibers rather than aggregates implying uniform and excellent dispersion of the nanofibers in the polymer matrix.
Impedance spectra -Effect of frequency on real part of complex impedance
The effect of increasing frequency in the microwave range of 8.0 -12.5 GHz on VGCNF reinforced chlorobutyl rubber composites has been shown in Figure 5 (a) and 5(b). The complex impedance, * Z for any system is represented as:
where Z′ and Z′′ are the real and imaginary parts of the complex impedance of complex impedance, * Z . Z′ consists of the resistive part of the system and Z′′ consists of the reactance arising due to the capacitive or inductive nature of the system. From Figure 5 (a) it can be observed that with increase in filler loading, as the frequency increases from 8 to 12.5 GHz, there is a continuous decrease in real part of complex impedance. At lower frequencies (below 10 GHz), increased concentration of VGCNF leads to higher impedance values, but with increase in frequency this effect is marginal. This can be explained on the electron hopping mode of conduction, which becomes more significant at microwave frequencies, thereby adding to the conductivity already existing, which is reflected in the continuous decrease of Z′ with increase in frequency as shown in Figure 5(b) , where Z′′ represents the resistive part of the composites [15] . This observation can also be explained on the basis of frequency dependent relaxation phenomenon of crosslinked vulcanizates. Relaxations in crosslinked and reinforced polymers depend on chemical and physical interactions between the viscoelastic polymeric phase and solid filler phase. Addition of functional fillers like VGCNF results not only in hydrodynamic interactions but also leads to complex physico-chemical interactions between the polymer matrix and the filler surface leading to the formation of so-called 'bound rubber' or 'shell rubber'. Raman spectra showed these interactions. Figure 6 shows the Nyquist plot (the relationship between imaginary part of impedance ( Z ′′ ) and real part of impedance ( Z ′ )) of composites as a function of filler loading. From the figure it can also be observed that irrespective of the filler loadings, the plots yield good semicircles indicating the occurrence of polarization with a single relaxation time taking place, i.e. a local mode process dominated, but at all filler loadings, the semicircles did not reach the origin and had a small positive intercept on the Z ′ axis indicating build up of ions at the interphase between the filler and polymer matrix [16, 17] . Several attempts have been made to interpret the impedance spectroscopy of polymer-filler systems using the resistance-capacitance parallel circuit (R-C) model [16] . According to this model the overall impedance of a parallel circuit, (equal to the reciprocal overall admittance, * Y ), i.e. the sum of the contributions from resistance and capacitance given by the equation
Nyquist Plots
where
, ω is the angular frequency,
, f is frequency and * Z is the complex impedance, which consists of both real and imaginary parts. Here 1 R is the resistance of the circuit and 1 C is the capacitance.
In a Nyquist plot for a polymer composite system the real axis represents bulk resistivity ( B R ) and the imaginary axis represents the max ω , which is given by
where B C is the bulk capacitance of the polymer composite. In a Nyquist plot, increase in B R represents poor conductivity.
With increasing filler loading the distance between the aggregates reduces. This gap can be approximated by a parallel plate capacitor with an area (A), separation distance ( d ), and capacitance (C) A ε ω , where ε is the dielectric constant of the polymer. Each filler aggregate has a resistance (Ra), the resistance within the aggregate. The impedance in a composite can be written as 
The respective imaginary and real parts of impedance can be expressed as 
Therefore a plot of Z ′′ and Z ′ will give a semi-circle which has the center at ( ) [18] proposed that since the circular curve of the Z ′′ vs Z ′ occurs only for the parallel resistor circuit, the above analysis can be used to confirm the existence of the capacitor effect. The capacitor effect also confirms that the gaps between VGCNF particles control the electron conduction via non-Ohmic contacts between the filler aggregates. The variation in the values of radius and centre of the half circle can also be used as a measure of the gaps in between filler particles. Using the above equations, the radius and centre has been calculated and tabulated in Table 1 . Figure 6 ) in VGCNF reinforced chlorobutyl composites.
Tab. 1. Radius and center (for
Filler loading, phr Center (x, 0) Radius 3 9.023 x 10 9 , 0 23.6 6 9.162 x 10 9 , 0 19.4 9 9.365 x 10 9 , 0 16.9 12 9.574 x 10 9 , 0 14.8
It can be observed that with increasing filler loadings the radius reduces and the centre shifts to higher values indicating increased polarization. A similar observation has been observed in other carbonaceous fillers like carbon black [20] and carbon silica dual phase filler [21] .
Electromagnetic Interference Shielding Effectiveness
Electromagnetic Interference (EMI) is the disturbance created in the performance of an electronic device because of the electric field set up by another device placed nearby. To solve the EMI problem, two methods have been suggested: the shielding and the absorbing of the electromagnetic field. In respect to shielding, material should have semi conducting region or low conducting region since there is a possibility of electric leakage in the shielding method because the electronics have become more integrated in a limited area and the gap between circuit units has become narrower. So polymer composites are the best material, which can show the above characteristics. In the present studies electromagnetic interference shielding effectiveness (EMI SE) is defined and calculated based on the following equation [19] 10 log SE IncidentPowerDensity EMI TransmittedPowerDensity =
The EMI SE of all the composites have been determined using the above expression through the measurement of the incident power density at a point before the composite shield is installed and by the measurement of the transmitted power density at the same point when the composite shield is installed. Figure 7 shows the effect of frequency on the EMI shielding effectiveness in VGCNF reinforced chlorobutyl vulcanizates. From the figure it can be observed that increasing filler loading leads to increase in shielding effectiveness at all the frequencies. Irrespective of the filler loadings it can be observed that there is an initial increase in shielding with increase in frequency, showing a peak at 9.5 GHz, after which there is a decreasing trend.
It can also be observed that with increase in filler loading the shielding effective increases at all the measured frequency range. This can be explained on the basis of formation of conductive filler network in the composite. The phenomenon of EMI shielding in polymeric composites is dependent on two sets of parameters namely the processing variables (i.e. the type of filler, volume fraction of filler in the composite, the extent of interactions of filler with the polymer matrix etc.) and operating variables (i.e. frequency, sample thickness, dimensions etc). As the filler loading increases the filler agglomerates tend to aggregate thereby forming a continuous filler phase. This increased filler loading also lead to the formation of array of closed pack networks thus making the composite more effective in shielding the EMI waves. 
Conclusions
The potential of VGCNF reinforced chlorobutyl vulcanizates as potential EMI shielding materials in X-band range of microwave frequencies has been investigated. SEM, EPMA and Raman spectra studies showed excellent dispersion of the VGCNFs in the polymer matrix. The effect of increasing filler loading on the real and imaginary parts of the complex impedance has also been studied. Irrespective of the filler loading variation, a monotonous decrease in real part with increase in frequency has been observed, whereas the imaginary part passes through maxima with frequency. Increase in VGCNF concentrations had a marginal effect on the occurrence of maxima with all the composites reaching maximum values in the frequency range of 9 to 10 GHz. Additionally, all the composites exhibited capacitive nature which can be attributed to the excellent dispersion and high conductivity of VGCNFs. The EMI SE of the composites passed through a maximum with variation in frequency. It can be concluded that all the VGCNF reinforced composites (with the exception of 3 phr loaded one) can find application as EMI shielding materials, especially the 9 and 12 phr loaded composites that show EMI shielding effectiveness as high as 50-55 dB.
Experimental
Sample preparation
Details of the formulation of the mixes are given in Table 2 . The VGCNFs were treated with concentrated sulfuric acid for 120 min. The acid treated fibers were repeatedly washed with deionized water to remove the acid. The washed VGCNFs were dried at 120 0 C for 8 hrs in a hot air oven. SEM microphotographs of untreated and acid treated VGCNF fibers are shown in Figure 8 Compounding has been carried out in a laboratory size (325 mm x 150 mm) mixing mill at a friction ratio of 1:1.25 as per ASTM D7182 standards and at carefully controlled temperature, nip gap, time of mixing and uniform cutting operation in the temperature range of 65-70 0 C. The mixture of compounds with different compositions was molded in an electrically heated hydraulic press to optimum curing (90% of the maximum cure) using molding conditions determined by Monsanto Rheometer (R-100). 
Tab
Testing
-Raman spectra
Raman spectra were recorded with a Jobin Yvon micro-Raman LabRam system in a backscattering geometry using 514.5 nm laser excitation wavelength. The laser beam was focused on the sample with the aid of an optical microscope.
-Scanning electron microscopy Morphology of the compounds has been studied using a scanning electron microscope (SEM) (Philips XL30 S FEG(Netherlands)), after auto sputter coating of the sample surface with gold.
-Electron Probe Micro Analyzer (EPMA)
Qualitative EPMA analysis (Carbon and oxygen scans) of representative specimens was carried out using a JXA-8100 electron probe microanalyzer (EPMA).
-Impedance spectra and EMI shielding
The complex impedance spectra of composites at the microwave frequency of 8 -12.5 GHz was measured using a standard rectangular waveguide transmission line set up connected with a VSWR meter. Smith Chart was used to determine the complex impedance of the composites from the experimental data. EMI shielding effectiveness of the composites was also measured with the aforementioned setup connected with a HP Power meter. The block diagram of the experimental set-up used for the measurement is shown in Figure 9 . The dimensions of the sample are 2a = 2.286cm and 2b = 1.014cm. Fig. 9 . Block diagram of the experimental set-up used for the measurement of complex AC impedance and EMI shielding effectiveness.
